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Abstract1
Historical contingency broadly refers to the proposition that even random historical2
events can constrain the ecological and evolutionary pathways of organisms and that of3
entire communities. Focusing on communities, these pathways can be reflected into4
specific structural changes within and across trophic levels—how species interact with5
and affect each other—which has important consequences for species coexistence. Using6
the registry of the last 2000 years of plant introductions and their novel herbivores7
encountered in Central Europe, we find that the order of arrival of closely-related (but8
not of distantly-related) plant species constrained the structural changes within the9
trophic level formed by herbivore species across the observation period. Because it is10
difficult for field and lab experiments to be conducted over hundreds of years to record11
and replay the assembly history of a community, our study provides an alternative to12
understand how structural changes have occurred across extensive periods of time.13
2
Introduction14
In 1989, Stephen J. Gould posed the thought experiment of whether evolutionary history15
would take a very different route than the one we know today if we could rewind the tape16
of life and replay it again (Gould, 1989). While historical events are difficult to17
reconstruct and replay over long periods of time, it has been shown that it may be18
possible to investigate the assembly rules shaping the biodiversity that we observe in19
nature (Thompson, 1917; Fox, 1987; Alberch, 1989). Historical contingency broadly refers20
to the proposition that even random historical events (such as abiotic and biotic events)21
can constrain the ecological and evolutionary pathways of organisms and that of entire22
ecological communities (Fukami, 2015). In an ecological context, these pathways can be23
reflected into specific structural changes within and across trophic levels, which are24
defined by how species interact with and affect each other (Odum, 1969; Dormann et al.,25
2017; Godoy et al., 2018). This structure, which is summarized by the interaction matrix,26
has key implications for species coexistence (Case, 2000; Saavedra et al., 2017b), and is27
highly dependent on the order and timing of species arrivals to the community (Diamond,28
1975; Chase, 2003; Morin, 2011). While assembly processes and their effects are typically29
investigated within a focal trophic level, numerous studies have shown that these effects30
can also impact the composition of species across different trophic levels (Drake, 1991;31
Olito and Fukami, 2009; Price and Morin, 2004; Fukami, 2015; Gomes et al., 2017). Yet,32
it remains unclear which are the main historical factors explaining the structural changes33
that we observe across trophic levels over time.34
To shed new light onto the questions above, we study the order of arrival within the35
trophic level formed by plant species and its effect on the structure of the herbivore36
trophic level feeding on these plants. We study the structure of the herbivore trophic37
level by looking at how the competition matrix among herbivores (formed by shared38
plants) modulates the range of environmental conditions compatible with the persistence39
of the herbivore community—a measure that is typically called the structural stability of40
community persistence (Saavedra et al., 2017a,b). Because it is difficult for field and lab41
experiments to be conducted over extensive periods of time in order to record the42
assembly history of a community (Fukami and Morin, 2003; Chase, 2010; Leopold et al.,43
2017), we investigate historical events using the registry of the last 2000 years of plant44
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introductions to Central Europe and the existing native herbivore communities in that45
region. These data allow us to answer the two following questions: Are there non-trivial46
structural changes within the herbivore trophic level formed by herbivore species47
competing for (sharing) plant-hosts? How does the order of plant arrivals within and48
across families constrain structural changes within the herbivore trophic level?49
Methods50
Observational data51
We based our analysis on a plant-herbivore interaction matrix from the German State of52
Baden-Wu¨rttemberg (35,751 km2) in Central Europe (Altermatt and Pearse, 2011; Pearse53
and Altermatt, 2013a,b, 2015). In a collaborative long-term effort (Ebert, 1991-2005),54
herbivory observations of > 2.342 million larval individuals of 759 Macrolepidopteran55
(i.e., butterflies and moths) species were recorded feeding on a total of 684 vascular plant56
species. All observations refer to interactions which have been observed under natural57
conditions in Baden-Wu¨rttemberg since the beginning of the 20th century (Altermatt and58
Pearse, 2011), possibly making it one of the most complete large plant-insect interaction59
datasets (see Pearse and Altermatt (2015) for tests of completeness and robustness).60
In our data, all Macrolepidopterans and 501 vascular plants are native to61
Baden-Wu¨rttemberg. Additionally, 183 vascular species are non-native plants, which can62
be further divided into 22 archaeophytes (naturalized non-native plants that arrived prior63
to 1492), 63 neophytes (naturalized non-native plants that arrived after 1492), and 9864
ornamentals (non-native plants that do not have self-sustained populations in65
Baden-Wu¨rttemberg). Note that novel plant-insect interactions have been observed66
between native lepidopterans and non-native plants (Pearse and Altermatt, 2013b).67
To establish the most probable introduction year, we also assembled estimates of the68
plant-arrival times in Baden-Wu¨rttemberg (or, if not available, in Central Europe) based69
on archaeobotanical and historical records (Sebald et al., 1993-1998; Jacomet and70
Brombacher, 2009; Klotz et al., 2002). For each plant, we cross-referenced arrival dates71
across these sources, additional archaeobotanical records, historical texts such as regional72
gardening journals, and herbarium and botanic garden records in order establish the73
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most probable introduction year. The arrival times for plants arriving within the last two74
centuries were precise to 1 to 10 years. In turn, the arrival times were precise to 50 to 10075
years for plants arriving before the last two centuries and after the middle ages.76
Similarly, the arrival times for plants arriving before the middle-ages were precise to 10077
years. Older records may be conservative estimates, particularly as they are generally78
based on the oldest remains of these plants to be found.79
These aggregated data were stored in a meta matrix (a binary matrix that we called β),80
where each row i and column j corresponds to an observed plant and an observed81
herbivore species, respectively. Each binary element of this meta matrix represents the82
presence (βij = 1) or absence (βij = 0) of an observed plant–herbivore interaction83
between two species at any point across our observational period. We assumed that there84
is an interaction between two species as long as there is one record of it in our data. For85
arrival times, the data were stored as a vector, where each row corresponds to an86
observed plant species and its value corresponds to the plant’s estimated arrival time.87
Then, for each arrival time t, we formed time-dependent matrices βt by extracting88
subsets of the meta matrix, where each plant and herbivore species has an arrival time89
older or equal than t. Note that herbivore species will be part of a time-dependent matrix90
as long as any of its host-plants is also present (Fig. S1 illustrates how the number of91
herbivore species changes across time). These time-dependent matrices assume that there92
is no evolution in or rewiring of interaction preferences between plants and herbivores,93
that all lepidopterans can be present at any point in time throughout the study area,94
that depending on the presence and absence of species all of the possible interactions are95
always realized at a specific time, and species abundances do not affect the realization of96
interactions. While these are strong assumptions (Bra¨ndle et al., 2008; Faillace and97
Morin, 2016), without empirical information any other simulated process would add ad98
hoc free parameters to our study.99
Inferring the competition matrix within the herbivore trophic100
level101
We used the time-dependent matrices βt to infer the time-dependent competition102
matrices within the herbivore trophic level (formed by herbivore species competing for103
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host-plants) (Saavedra et al., 2014, 2017a). Each time-dependent competition matrix104
(that we called At) was inferred by the normalized monopartite projection of the binary105
matrix βt (Cenci et al., 2018). Specifically, the monopartite projection corresponds to106
Mt = βt
Tβt. The off-diagonal entries of the monopartite projection correspond to the107
number of host-plants shared between two herbivores. Thus, the resource overlap between108
two herbivores i and j is proportional to the matrix element Mij (MacArthur and Levins,109
1967; Logofet, 1993). Normalizing the entries of the matrix Mt by the sum of their110
column (i.e., Aij =
Mij∑
iMij
), we have a time-dependent competition matrix At, whose111
elements can be interpreted as the effect of herbivore species j on species i. That is, if the112
proportion of shared host-plants between herbivore species i and j is high relative to the113
total number of host-plants shared between species i and the rest of the species, the114
direct effect of species j on species i is high. However, if the two herbivore species do not115
share any host-plants, the direct effect is zero. Note that the effect of species j on i is not116
necessarily the same as the effect of species i on j. While it has been shown that the117
persistence of herbivore species depends on many factors, such as: resource availability,118
the presence of host species, natural enemies, and environmental variations, among others119
(Hairston et al., 1960; Gripenberg et al., 2007; Tack et al., 2009); it has been120
demonstrated that plant-mediated competition matrices provide explanatory power to121
the likelihood of herbivore persistence (Saavedra et al., 2017a; Cenci et al., 2018). Yet,122
we have not empirically demonstrated that competition occurs in this system, but we are123
instead assuming that it is an important, but undemonstrated, process in our analysis.124
Estimating structural changes within the herbivore trophic level125
As we mentioned before, the competition matrix within the herbivore trophic level is126
time dependent. That is, from the first to the last observed plant arrival, each time t a127
new plant arrives a new matrix At is formed. Thus, to investigate structural changes of128
At across time, we used a comparable measure of structural stability of community129
persistence. Formally, structural stability corresponds to the extent to which a system130
can tolerate modifications to its dynamics without changing its qualitative behavior131
(Thom, 1972). We measured the structural stability of community persistence by the132
extent to which each competition matrix At modulates the range of parameter values133
(environmental conditions) compatible with the persistence of all competing herbivores in134
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the community (Saavedra et al., 2017b).135
To model the competition dynamics among herbivore species, we used a classic136
Lotka-Volterra (LV) competition model (MacArthur and Levins, 1967; Case, 2000).137
Mathematically, the LV dynamics of S competing species can be written as138
dNi
dt
= Ni(ri −
S∑
j=1
aijNj),
where Ni corresponds to the abundance (or biomass) of species i, ri is the intrinsic139
growth rate of species i, and aij are the elements of the competition matrix At.140
In this competition system, the structural stability of community persistence can be141
measured by the set of vectors r = [r1, r2, . . . , rs]
T that guarantees positive species142
abundances at equilibrium N∗i > 0 as a function of At (Saavedra et al., 2014; Rohr et al.,143
2016). This parameter space is called the feasibility domain DF (At). The size of this144
domain can be computed by comparing it against the full parameter space of intrinsic145
growth rates. Because this domain is compressed of vectors, we are only interested in146
their direction (not in their magnitude) and the full parameter space can be normalized147
to a unit ball BS made up of vectors with unit magnitude (expressed in terms of a norm).148
Therefore, the size of the feasibility domain can be calculated by the ratio of the149
following volumes (Ribando, 2006; Saavedra et al., 2016b):150
ω(At) = (
2 vol(DF (At) ∩ BS ∩ RS+)
vol(BS ∩ RS+)
)1/(S−1),
where BS ∩ RS+ represents the normalized S-dimensional parameter space constrained to151
positive elements in the vectors (i.e., we assumed that species can only take positive152
intrinsic growth rates (Saavedra et al., 2017b)). This ratio can be computed by the153
cumulative distribution function of a multivariate normal distribution integrated over the154
positive abundance space (recall that r = AtN
∗ > 0) and can be efficiently calculated155
even for relatively large communities (Ribando, 2006; Saavedra et al., 2016b). The larger156
ω(At), the larger the fraction of vectors of intrinsic growth rates compatible with the157
persistence of species at the herbivore trophic level. Thus, ω(At) ∈ [0, 1] can be used as a158
comparable quantitative measure of structural stability of community persistence, and159
can be interpreted as the probability that a randomly chosen species i within the160
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herbivore trophic level characterized by the time-dependent competition matrix At can161
tolerate random environmental changes. Note that our measure of structural stability is162
not restricted to LV dynamics as long as the dynamics are topologically equivalent (Cenci163
and Saavedra, 2018).164
Therefore, to investigate structural changes within the herbivore trophic level, we tracked165
how ω(At) changes over time by calculating the Pearson correlation between the vectors166
of structural stability and time, i.e., r(t,ω(At)). We investigated the robustness of the167
observed correlation to sampling error by systematically removing a fraction of randomly168
chosen plants and repeating the analysis above (Legendre and Legendre, 2012).169
Additionally, we performed a split sample test and calculated the corresponding piecewise170
correlations to evaluate potential nonlinear effects of different observational periods in the171
assembly order of plants on structural changes within the herbivore trophic level172
(Legendre and Legendre, 2012).173
Validating structural stability as a measure of structure within174
the herbivore trophic level175
To test whether structural stability of community persistence can provide a biologically176
sound description of structure within the herbivore trophic level, we compared the extent177
to which the structural changes generated by wild self-sustained plants are similar to the178
changes generated by non-self-sustained ornamental plants. Because our measure of179
structural stability is linked to community persistence, we hypothesized that ornamental180
plants, which are non-self-sustained, should play a different role than persistent plants181
when building the structure within the herbivore trophic level. To measure this, we182
divided our data into a subset of wild self-sustained plants and a subset of ornamental183
plants. Then, we used each subset to investigate the corresponding structural changes184
across time. We calculated the level of similarity in structural changes by the partial185
Pearson correlation between the two temporal sequences controlling for time t in order to186
avoid spurious correlations (Iler et al., 2017).187
Additionally, to validate that structural changes are not just a byproduct of community188
size, we naively randomized the observed plant arrivals but preserved the observed189
number of plants per year. Then, we calculated the corresponding distribution of190
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correlations between structural stability and time r(t,ω(At)). If structural changes are191
not an artifact of the number of species and interactions observed in the data, we192
expected this distribution to be different from the observed correlation. Finally, to193
illustrate the added value of our measure of structural stability, we repeated the entire194
analysis using standard global network descriptors (Clauset et al., 2004; Pons and195
Latapy, 2005; Almeida-Neto et al., 2008). Because it has been shown that these network196
descriptors fail to capture important differences between structures (Saavedra et al.,197
2017a) and null models cannot be used across different data sets to solve this problem198
(Song et al., 2017), we expected to see no significant differences in time series between199
wild self-sustained and ornamental plants with these other structural measures.200
Testing simple assembly rules acting on the plant trophic level201
To investigate the association between the order of assembly in the plant trophic level202
and structural changes within the herbivore trophic level, we compared the observed203
correlation between structural stability and time r(t,ω(At)) against the statistical204
ensemble of correlations generated by two random orders of plant arrivals taking into205
account family-level information. Note that we classified plants according to groups at206
the family-level as they have been found to be among the major determinants of207
herbivore associations of plants (Ehrlich and Raven, 1964; Fox, 1987; Pearse and208
Altermatt, 2013b). We have 54 different families in our data. The first random assembly209
allows the arrival of any plant at any time, but preserves the order at which families210
arrive. The second random assembly also allows the arrival of any plant at any time, but211
preserves the order within families. Note that the number of plants per year is also212
preserved in both randomizations. Thus, the first and second random assemblies impose213
hierarchical constraints on the arrival of species from different functional groups214
(distantly-related species) and on the arrivals of species within functional groups215
(closely-related species), respectively. These assembly mechanisms have been broadly216
investigated (Fox, 1987; Fukami et al., 2005), and their rationale is based on the217
observations that diet selection can facilitate the arrival of species from different218
functional groups until each group is represented before the cycle repeats.219
For example, let us classify six plant species i into two different families, denoted as Xi220
and Yi and i = 1, 2, 3. Let us now suppose that the order of arrival is X1Y1X2X3Y2Y3.221
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This generates structural changes within the herbivore trophic level defined by an ordered222
vector [ω(X1), ω(X1Y1), ω(X1Y1X2), ω(X1Y1X2X3), ω(X1Y1X2X3Y2), ω(X1Y1X2X3Y2Y3)],223
which is then correlated to a time vector [t1, t2, t3, t4, t5, t6]. Then, testing the constraints224
introduced by preserving the order of families can lead us to a randomization such as225
X2Y3X1X3Y1Y2, where the order of arrival of species i within families X and Y is226
randomized, but the order at which families arrive is preserved. Similarly, testing the227
constraints introduced by preserving the order of plant arrivals within families can lead228
us to a random sequence such as Y1Y2X1X2X3Y3, where in this case the randomization229
occurs across X and Y , but the order of species i within its own family remains the same230
(see Fig. 1 for a graphical example).231
Because each random assembly generates a distribution of correlations between structural232
stability and time, we performed a standard likelihood test (Legendre and Legendre,233
2012) to quantify the extent to which each random mechanism can explain the observed234
correlation. The distribution of correlations generated by each random assembly is taken235
as a normal distribution with mean and variance calculated from the simulations. Thus,236
the likelihood that each random assembly generates the observed correlation is calculated237
as the probability in the corresponding distribution of the hypothesis. Then, we238
calculated the ratio between the likelihoods of the first and second random assemblies.239
Note that ratios greater than 1 indicate that the order of distantly-related plant species240
can explain better the observed structural changes within the herbivore trophic level,241
whereas ratios lower than 1 indicate that the observed structural changes are better242
explained by the order of closely-related plant species.243
Results244
Structural changes within the herbivore trophic level245
We found that the observed order of plant arrivals generated a non-trivial increase of246
structural stability of community persistence within the herbivore trophic level across247
time. Figure 2 shows that the estimated structural stability given by the inferred248
competition matrices ω(At) generally increased across the observation period.249
Specifically, we found a positive trend characterized by a correlation between structural250
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stability and time of r(t,ω(At)) = 0.89 ([0.83, 0.92] 95% confidence interval). This251
positive trend is robust to both potential sampling errors (see Fig. S2) and the split of252
the time series into two different periods (before and after 1500 AD) (see Fig. S3).253
We also found, as expected, that this positive trend is characteristic of wild self-sustained254
plants, but not of ornamental plants. Figure 3 shows that while structural changes255
generated by the subset of wild self-sustained plants have a correlation with the overall256
trend (see Fig. 2) of 0.88 ([0.81, 0.92] 95% confidence interval), structural changes257
generated by the subset of ornamental plants have a low correlation of 0.27 ([0.07, 0.45]258
95% confidence interval). Importantly, the correlation between the structural changes259
generated by wild self-sustained and ornamental plants is 0.04 (statistically260
non-significant), confirming that our measure of structural stability can detect differences261
in the effect of these two groups of plants on the herbivore trophic level. In contrast,262
standard network metrics fail to detect differences between these two time series (see263
Figs. S4-S7).264
Importantly, we found that the positive trend observed for structural stability within the265
herbivore trophic level is not an artifact of community size and it is highly unlikely to be266
reproduced by randomly (naively) shuﬄing plant arrivals (see Fig. 4). In fact, the267
expected correlation between structural stability and time generated by random plant268
arrivals is negative (−0.39), revealing that an increase in structural stability within the269
herbivore trophic level over the entire observation period is highly unlike to be generated270
by a random assembly of the plant trophic level.271
The importance of the order of assembly within plant families272
Finally, we found that as long as the order of arrival of closely-related plant species is273
preserved, all the other plant arrivals can happen randomly and still herbivore species274
would have been constrained to the same observed structural changes. Figure 4 shows275
that by randomizing plant arrivals while preserving the order of families, the generated276
distribution of correlations r(t,ω(At)) is statistically indistinguishable from zero. In277
contrast, by randomizing plant arrivals while preserving the order within families, all278
correlations are highly positive as it was observed. In fact, the likelihood ratio of279
generating the observed correlation between the first and second random assembly280
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mechanisms is 0.1, confirming that only the order of introduction of closely-related plant281
species can explain the observed structural changes within the herbivore trophic level.282
These results remain qualitatively robust even if we separate the time series into two283
different periods (see Figs. S8-S9).284
Discussion285
Earlier work has used paleoecological data to show the long-term impact of the order of286
species arrivals on community composition (presence and absence of species) within287
trophic levels (Duncan and Forsyth, 2006; Mergeay et al., 2011). Within this long-term288
context, our work provides a new direction toward understanding the impact of the289
assembly order at basal trophic levels on the structure of consumer trophic levels. We290
have investigated this structure through the lens of structural stability of community291
persistence, i.e., the extent to which the interaction matrix modulates the conditions292
(parameter values) compatible with persistent herbivore populations. In our study, we293
have found that the herbivore trophic level generally increased its level of structural294
stability across time (see Fig. 2). We have found that the order of arrival of295
closely-related (but not of distantly-related) plant species constrained the structural296
changes within the herbivore trophic level as they were observed (see Fig. 4). This297
implies that if we were to rewind the tape of life and replay it in this community, we298
should pay particular attention to the factors shaping the order at which plants arrive299
within their own family. Specifically, the existence of alternative structures within the300
herbivore trophic level may depend on how early-arriving plant species affect the arrival301
of closely-related plant species more than they affect the arrival of distantly-related plant302
species.303
Our findings above suggest that there are two important ecological mechanisms operating304
at two different trophic levels. The first mechanism operates at the basal (plant) trophic305
level and it may be characterized by niche preemption—a priority effect acting within306
functional groups or within similarly competitive species (Fukami, 2015). That is, the307
importance of the order of arrival of closely-related plants indicates the effect of a strong308
preemption (hierarchical) mechanism acting within functional groups of plants. This309
preemption mechanism within families can arrive during successional development as a310
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consequence of already highly-exploited niches (Odum, 1969). Alternatively, this ordering311
may be the outcome of a nonrandom presence of propagule pressure in which generalist312
host-plants tend to arrive earlier than specialists (Pearse and Altermatt, 2013b). Note313
that we did not explicitly model competition among plants. Instead, we modeled the314
process of diversification of host-plants through the randomization of the order of plant315
arrivals. This assumes that the assembly process of the plant trophic level converges to316
the same community composition at the end of the observation period.317
The second mechanism operates at the consumer (herbivore) trophic level and it may be318
the result of the dynamics acting at the lower (plant) trophic level. That is, our data319
revealed a positive trend of structural stability of community persistence within the320
herbivore trophic level over 2000 years (see Fig. 2). Recall that the higher the level of321
structural stability, the larger the tolerance of a community to random environmental322
changes. Because our definition of structural stability is inversely related to the overall323
level of resource overlap (Rohr et al., 2016; Cenci et al., 2018), the observed non-trivial324
positive trend also indicates a non-trivial increase in resource partitioning. This implies325
that the herbivore community favored structures with high overlap of host-plants during326
the early assembly stages, but this overlap dilutes as the community matured.327
Importantly, this trend can be attributed to the observed order of plant arrivals within328
families (see Fig. 4). Without preserving any order of arrivals, our simulations have329
revealed that the structural stability of the community would have decreased over time.330
Similarly, by only preserving the order of arrivals across families (but not within), on331
average there would have been no trend whatsoever. Therefore, an observed increase of332
structural stability in the herbivore community for over 2000 years may indicate potential333
non-adaptive dynamics as the result of the particular constraints imposed by the plant334
trophic level (acting as environmental conditions) (Tregonning and Roberts, 1979;335
Borrelli et al., 2015; Saavedra et al., 2016a; Song et al., 2017).336
Focusing on the observed trend of structural stability of community persistence (Figs. 2337
and S3), it is worth noting that the breakpoint around the year 1500 A.D. may have338
various ecological consequences, such as an increase in the number of non-native plants,339
as well as a the arrival of plants from a previously completely disconnected biogeographic340
area, namely the Americas (see Fig. S1). Unfortunately, we do not have knowledge on341
13
systematic ecological differences between these plants, but clearly they represent some342
previously separated pools of species that may have different effects on the structural343
stability of the system. Yet, our randomization results have indicated that no single344
species is responsible for the observed trend of structural changes within the herbivore345
trophic level. This has been confirmed by noticing that a naive random assembly cannot346
generate a positive trend of structural stability across time (see Fig. 4). Thus, the impact347
of a newly-introduced species on the structure of a community is time dependent,348
especially an order-dependent process within functional groups. This can be the reason349
why many times invasive species are found without significant impact on the structure of350
a community when analyzed using non-temporal data (Stouffer et al., 2014). Overall, our351
results imply that structural changes within consumer trophic levels may be explained352
and anticipated by assembly rules within functional groups operating on basal trophic353
levels and the environmental pressures acting on the focal trophic level. Thus, future354
work should focus on disentangling the impact of these two forces on the structure and355
dynamics of trophic levels.356
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(a) Observed order
(c) Preserving the order of families
(d) Preserving the order within families
Group X
Group Y
(b) Randomly shuffling the arrival of plant species
Figure 1: Graphical example of random assembly mechanisms for plant arrivals.
We considered a hypothetical sequence of plant arrivals with two families (functional
groups) X (star) and Y (triangle), and each family contains three species labeled 1, 2, 3,
respectively. Panel (a) shows the hypothesized sequence X1Y1X2X3Y2Y3, showing that X1
arrives before Y1, and Y1 arrives before X2, and so on. Panel (b) shows an example of
a naive randomization of the observed arrival sequence by randomly shuﬄing the order
of plant arrivals. Panel (c) shows an example of a randomization of the observed arrival
sequence while preserving the order of families. Panel (d) shows a randomization of the
observed arrival sequence while preserving the order within families.
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Figure 2: Structural changes within the herbivore trophic level across time. We
use the structural stability of community persistence as a measure of structure within
the herbivore trophic level. Each point corresponds to the estimated level of structural
stability for the inferred competition matrix at a given year ω(At). This figure shows that
the estimated structural stability generally increased over time (Pearson correlation of 0.89
with 95% confidence [0.83, 0.92]). The linear-regression line is depicted only to show the
trend.
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Figure 3: Validating structural stability as a measure of structure within herbi-
vore trophic level. Panels (a) and (b) show (solid lines) the structural changes (mea-
sured by the estimated level of structural stability of community persistence) generated by
the inferred competition matrices from the subsets of wild self-sustained and ornamental
plants, respectively. The correlation in Panel (a) is 0.88 ([0.81, 0.92] 95% confidence in-
terval), and the correlation in Panel (b) is 0.27 ([0.07, 0.45] 95% confidence interval). The
values of structural stability are scaled for visualization purposes. The gray points in the
background show the pattern generated by the two subsets together (identical to Fig. 2).
The linear-regression lines are depicted with shaded 95% confidence intervals.
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Figure 4: Impact of the plant assembly order on structural changes within the
herbivore trophic level. The blue dotted line shows the observed positive correlation
of 0.89 between structural stability of community persistence and year r(t,ω(At)). The
boxplots correspond to the distribution of correlations generated by three random plant
assembly mechanisms: randomly shuﬄing plant arrivals (left boxplot), randomly shuﬄing
plant arrivals while preserving the order at which families arrive (middle boxplot), and
randomly shuﬄing plant arrivals while preserving the order within families (right boxplot).
The figure shows that preserving the order of assembly of closely-related species (right
boxplot) is more likely to generate high positive correlations similar to the observed case.
Boxplots depict the inter-quartile range and the solid line corresponds to the median value.
The gray dotted line centered at zero (y-axis) is just intended to serve as a reference guide.
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Figure S1: [Supplementary Figure] Number of species at the herbivore trophic level
across time. Each point corresponds to the number of herbivore species (i.e., community
size) at a give point in time across our observational period.
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Figure S2: [Supplementary Figure] Sensitivity analysis to sampling error. To perform
a sensitivity analysis of the effect of sampling error on the observed correlation between
structural stability and time, we systematically sampled different fractions of randomly
chosen plants (mimicking the process that some plants might not be documented due to
sampling error). Each point corresponds to the mean correlation of 50 randomizations
with the standard error depicted as error bars. The red line corresponds to the Pearson
correlation of structural stability and year in the observed data. Note that even for a lost
of 50% of the data, the correlation continues to be highly positive.
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Figure S3: [Supplementary Figure] Sensitivity analysis to time series division. Iden-
tical to Figure 2 in the main text except that the correlations are calculated separately
for the periods before and after 1500 AD. The correlation before 1500 AD is 0.76 ([0.37,
0.93] 95% confidence interval), and the correlation after 1500 AD is 0.89 ([0.83, 0.93] 95%
confidence interval). The (scaled) estimated linear effect of year on structural stability
before 1500 AD is 0.33 (0.08 standard error), and after 1500 AD is 1.91 (0.11 standard
error).
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Figure S4: [Supplementary Figure] Using standard network metrics. Similar to Figure
3 in the main text. Here the colored symbols represent changes of network connectance
(defined as the observed number of direct interactions over the maximum possible number)
calculated over the inferred competition networks from the subsets of wild self-sustained
and ornamental plants, respectively. The correlation in Panel (a) is −0.90 ( [−0.94,−0.86]
95% confidence interval), and the correlation in Panel (b) is 0.27 ([−0.99,−0.97] 95%
confidence interval). The partial correlation between the two panels is 0.62, revealing no
difference in connectance changes between the two time series. The gray points in the
background show the pattern generated by the two subsets together. The linear-regression
lines are depicted with shaded 95% confidence intervals.
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Figure S5: [Supplementary Figure] Using standard network metrics. Similar to Figure
3 in the main text. Here the colored symbols represent changes in nestedness of the
herbivore-plant binary interaction matrix (measured as NODF (Almeida-Neto et al., 2008))
generated by the subsets of wild self-sustained and ornamental plants, respectively. The
values of nestedness are scaled for visualization purposes. The correlation in Panel (a) is
−0.89 ([−0.93,−0.84] 95% confidence interval), and the correlation in Panel (b) is −0.87
([−0.91,−0.81] 95% confidence interval). The partial correlation between the two panels is
0.81, revealing no difference in nestedness changes between the two time series. The gray
points in the background show the pattern generated by the two subsets together. The
linear-regression lines are depicted with shaded 95% confidence intervals.
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Figure S6: [Supplementary Figure] Using standard network metrics. Similar to Figure
3 in the main text. Here the colored symbols represent changes in modularity of the
inferred competition matrices from the subsets of wild self-sustained and ornamental plants
(measured following Refs. (Clauset et al., 2004; Pons and Latapy, 2005)). The values of
modularity are scaled for visualization purposes. The correlation in Panel (a) is 0.76
([0.65, 0.83] 95% confidence interval) and the correlation in Panel (b) is 0.88 ([0.83, 0.92]
95% confidence interval). The partial correlation between the two panels is 0.32, revealing
no difference in modularity changes between the two time series. The gray points in the
background show the pattern generated by the two subsets together. The linear-regression
lines are depicted with shaded 95% confidence intervals.
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Figure S7: [Supplementary Figure] Using standard network metrics. Similar to Figure
3 in the main text. Here the colored symbols represent changes in mean interspecific com-
petition strength generated by the inferred competition matrices from the subsets of wild
non-native and ornamental plants, respectively. The values of mean competition strength
are scaled for visualization purposes. The correlation in Panel (a) is −0.95 ([−0.97,−.94]
95% confidence interval), and the correlation in Panel (b) is −0.99 ( [−0.99,−0.98] 95%
confidence interval). The partial correlation between the two panels is 0.5, revealing no dif-
ference in competition-strength changes between the two time series. The gray points in the
background show the pattern generated by the two subsets together. The linear-regression
lines are depicted with shaded 95% confidence intervals.
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Figure S8: [Supplementary Figure] Split sample test about the positive trend of
structural stability. Similar to Figure 4 in the main text except that the analysis is
performed for the two periods before and after 1500 AD (see Figure S3). The qualitative
result remains the same as in Figure 4.
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Figure S9: [Supplementary Figure] Split sample test about the positive trend of
structural stability. Similar to Figure 4 in the main text except that the analysis is
performed for the two periods before and after 1500 AD (see Figure S3), and the y-axis
corresponds to the estimated linear effect of year on structural stability. The qualitative
result remains the same as in Figure 4.
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